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Abstract: Higher telomere length (TL) is associated with longevity, while telomeres shortening are 
related with some non-communicable diseases (NCDs) such as cancer or cardiovascular disease, 
and with higher risk of mortality. Telomerase RNA component (TERC) and peroxiredoxin-1 
(PRDX1) are involved in the regulation of Telomerase, an enzyme capable to extent TL. Diet could 
play a role in telomere shortening by regulation of cellular oxidative stress and by modulate the 
expression of certain genes involved in Telomerase Activity (TA) as presented before. This paper 
study how low-protein diet (LPD) and leucine deprivation (LEU(-)) in tandem with fibroblast 
growth factor 21 (FGF21) can affect the relative gene expression of Terc and Prdx1 in mice. Murines 
with and without FGF21 were fed with LPD and LEU(-), with corresponding Control Diet (CD) 
group for each one. Relative liver mRNA levels of Terc and Prdx1 were determined by RT-qPCR. 
Results suggested that diet-protein content and FGF21 could impact on Terc and Prdx1 expression 
by modulating oxidative stress of the cell. LPD synergized with FGF21 to increase Prdx1 mRNA 
levels (p=0.00096), but inconsistency and the contradictions of the findings did not allow to suggest 
accurate conclusions and for that reason further investigations with better designs are needed. 
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The ends of linear chromosomes are comprised for repetitive noncoding DNA 
sequences called telomeres, that protects genetic material in these vulnerable regions [1]. 
These repetitive sequences, TTAGGG in mammals, are bonded to a protein complex 
known as shelterin or telosome. 
 
This protein complex is formed by six different proteins: protection of telomeres 1 
(POT1), telomere repeat-binding factor 1 (TRF1), telomere repeat-binding factor 2 (TRF2), 
TRF1-interacting nuclear factor 2 (TIN2), adrenocortical dysplasia protein homologue 1 
(TPP1) and repressor activator protein 1 (RAP1), also called telomeric repeat-binding 
factor 2-interacting protein 1 [2]. 
 
Owing to the so-called “end of replication problem” (Figure 1), telomeres shorten 
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Figure 1. DNA polymerase is an enzyme capable to catalyze the synthesis of new DNA molecules from parental 
DNA strands (black). Due to the antiparallel structure of DNA jointly with the incapacity of DNA polymerase to 
synthesize in 3’-5’ direction, this enzyme synthesizes new DNA strands in opposite directions: leading strand 
(blue) and lagging strand (red). DNA polymerase needs a 3’-OH group to add the first nucletide, this is the 
function of the primer (grey), a short strand of RNA that provides a 3’OH group. Due to the lack of 3’OH in the 5’ 
ends of the linear DNA molecules, primer can’t be replaced for DNA, therfore a GAP is produced. 
 
Advanced telomere shortening cause unestable cromosomes forms that compromise 
cell division capacity leading to cellular senescence. At this point, cell is unable to keep 
their functionality and mutations rates rise, thus increasing the cell death by apoptosis. 
Even tough, this not ocurr in cancer cells, where genes that regulate the programmed cell 
death are suppressed [4]. The shorteness of the telomeres have been associated with a 
higher incidence of non-communicable diseases (NCDs) and age-related diseases, such as 
cancer [5-7] or cardiovascular diseases [8-10] two of the main causes of death in developed 
countries. In a recent paper, Muñoz-Lorente et al. [11], proved that mice with hyper-long 
telomeres are protected from cancer, show longer lifespans and an increased longevity. 
 
Telomerase is an enzyme capable to extend telomeric DNA sequences in order to 
reduce, stop or revert telomere shortening. This enzyme was discovered by E. Blackburn 
and C. Greider in 1985(12) whose were awarded in the 2009 with Nobel Prize in 
Physiology or Medicine, together with J.W. Szostak for abovementioned work and later 
investigations about telomeres and telomerase. Telomarase activity (TA) is high in germ 
cells, embryonic stem cells (ESCs) and tumor cells, but quite poor in somatic cells. With 
the activation of the telomerase, cancer cells preserve their telomeres after each cell 
division, and as a result they can divide relentlessly and become immortal [13]. The 
relationship between cancer and TA, and the association between low levels of TA and the 
activation of alternative tumor supression pathways [14], lead the scientific community to 
an area of controversy regarding TA and health. 
 
It is well known that diet and health are closely and positively connected, although in 
many cases molecular mechanisms remain underlying the effects of diet over health 
remain unidentified. It has been described that diet could modulate telomere shortening 
through the regulation of cellular oxidative stress and of the expression of certain genes 
involved in telomeres homeostasis. Several human studies have linked diet and telomeres 
have been published. Galiè et al. [15], in a recent systematic review, collect the most im- 
portant ones until today. 
 
In one hand, healthy diets have been related with higher telomere length (TL). Medi- 
terranean Diet (MD) has been the most studied [16-20], among others with a high diet 
quality indexes. Examples of those indexes are: Dietary Guideline Index (DGI) [21], 
Alternative Healthy Eating Index (AHEI) [22], Mediterranean Diet Index (MedDiet), 
Dietary Guidelines for Americans (DGA), Baltic Sea Diet Score (BSDS) or Prime Diet 
Quality Score (PDQS) [19,23,24]. Regarding food groups, fruits [25] and vegetables [26,27], 
have been the most clearly associated with TL, but also evidence for olive oil [28], whole 
grains [29], coffee [30,31] and nuts [32], have been described. Furthermore, ω-3 fatty acids 
[33,34], fiber [35], and some vitamins such as D [36,37], A [27] and E [38] could act in the 
same direction (Table 1). 




On the other hand, some kind of diets can aggravate telomere shortening. Negative 
effects on telomere homeostasis have been described for pro-inflammatory diets [39,40] 
high consumption of red meat [41-43] ultra-processed food (UPF) [44], sugar-sweetened 




Table 1. Studies with positive association between diet and telomere length. +TA (positive association with TL); 
+TA (positive association with TA), -TL (negative association with TL). 
 






Cohort prospective (24 years) Healthy woman (n= 4676) +TL 2014 
Cross-sectional Aged and healthy population (n=217) +TA ; -TL 2015 
Cross-sectional High risk of cardiovascular disease population (n= 520) +TL 2016 
Randomized Controlled Trial (5years) High risk of cardiovascular disease population (n= 520) No associations 2016 
Cohort prospective (10 years) Aged population (n= 1046) -TL (in woman) 2019 




Cross-sectional Middle-aged woman (n=5862) No associations 2012 
Cross-sectional Middle-aged population (n=4758) +TL 2018 
Cross-sectional Aged population (n=679) No associations 2018 
Cohort prospective (10 years) Middle-aged population (n=1046) -TL (in woman) 2019 




Case-control Gastric cancer cases (n=300); healthy controls (n=416) +TL 2009 
Cross-sectional Healthy Italian adults (n=56) +TL 2012 
Case-control Pesticide-exposed cases (n=62); unexposed controls (n=124) +TL 2016 
Olive oil Cross-sectional Participants from CARDIOPREV study (n=1002) +TL 2019 
Whole grains Cross-sectional Woman from NHS (n=2284) +TL 2010 
 
Coffee 
Randomized Controlled Trial (9 months) Population with hepatitis C (n=40) +TL 2013 
Cross-sectional Woman from NHS (n=4780) +TL 2016 
Cross-sectional American population from NHANES (=5582) +TL 2017 
ω-3 fatty acids Randomized Controlled Trial (6 months) Aged population (n=33) +TL 2014 
Randomized Controlled Trial Young population (n=71) +TL 2018 
Fiber Cross-sectional American population from NHANES (n=5674) +TL 2018 
Vitamin D Randomize Controlled Trial (12 weeks) African American population (n=37) +TL 2012 
Cross-sectional Middle-aged woman (n=2160) +TL 2018 
Vitamin A Cross-sectional Healthy population 8n=56) +TL 2012 




Table 2. Studies with negative association between diet and TL. –TL (negative association with TL). 
 




Cross-sectional Population with high risk of cardiovascular disease (n=520) -TL 2015 
Cohort prospective (10 years) Population with high risk of cardiovascular disease (n=520) -TL 2015 
Cross-sectional Healthy middle-aged population (n=2509) No associations 2018 
Red meat Cross-sectional Population from MESA study (n=840) -TL 2008 
Cross-sectional Population from HSPS (n=2846) -TL 2016 
Cross-sectional Middle-aged population (n=300) -TL 2018 
UPF Cross-sectional Aged population from SUN project (n=886) -TL 2020 
SSB Cross-sectional Middle-aged population (n=5309) -TL 2014 
Alcohol Cohort prospective (2 years) Middle-aged population from Asklepios study (n=2509) -TL 2007 
Case-control Alcohol abuse cases (n=200); healthy controls (n=257) -TL 2011 
Trans and 
saturated fat 
Cross-sectional Aged population from HBCS study (n=1942) -TL 2012 
Case-control Diabetic premenopausal cases and healthy controls (n=4029) -TL 2013 
Cross-sectional Middle-aged population from NHANES study (n=5446) -TL 2018 




Among other diets, previous research of the group and of other authors show that 
leucine deprived diet (LEU(-)) [(51-53)], and low-protein diets (LPD, 5% protein) [54], 
improve insulin sensibility, promote weight loss and impact on lipid metabolism. Most of 
these effects has been associated with an increased expression/production of fibroblast 
growth factor 21 (FGF21) [55-58], a peptide hormone that play an important role for 
metabolic adaptations in response to nutritional inputs. FGF21 is increased in both LPD 
and LEU(-). Moreover, some of the metabolic changes in response to those diets has been 
also associated with longer telomeres and higher longevities [59]. For that reason, was 
plausible to think that FGF21 may impact on telomere homeostasis by modulating the 
expression of genes involved on it. 
 
Based on the data mentioned in this introduction, the aim of this work is to study the 
impact of LDP and LEU(-) on gene expression involved in mice telomerase regulation, 
and in consequence on telomere homeostasis, and also how FGF21 takes part in this 
process. Nutritional interventions were previously conducted to the study and are de- 
scribed in order to contextualize this actual work 
 
2. Results 
Telomere homeostasis can be studied by analysing the relative expression of genes 
involved on it. Two of the main actors implied on this process are telomerase RNA 
component (TERC), that serves as a template for telomere replication by telomerase 
[60,61], and peroxiredoxin-1 (PRDX1), an antioxidant enyme crucial for TA [62]. 
 
2.1. LPD modulates the expression of Terc and Prdx1 in mice livers 
In order to evaluate the impact of LPD and the role of FGF21 on the nutritional in- 
tervention effects over telomere homeostasis the mRNA levels of Terc and Prdx1 were 
measured in locus of X-over P1 (LoxP) mice and in liver specific Fgf21 knockout 
(LFgf21KO) mice. LoxP mice fed with LPD (LoxP/LPD), showed a significant less ex- 
pression of Terc than the control diet (CD) group (p=0.015). In contrast, even not statisti- 
cally different, an opposite tendency for LPD was observed in LFgf21KO animals. 
LFgf21KO animals exhibited lower levels of TERC both in CD and in LPD versus 
LoxP/CD group, but no significant differences were observed between dietary groups in 
the absence of FGF21. Even so, the absence of FGF21 caused a significant decrease of Terc 
expression in LKO/CD group compared with LoxP under the same diet (p=0.006) 
(Figure 2). 
 
Figure 2. Relative mRNA levels of Terc in liver. LoxP/CNT (black bar), LoxP/LPD (light 
grey bar), LKO/CNT (dark grey bar) and LKO/LPD (blue bar). Error bars represent the 
mean ±SEM, *p<0.05, **p<0.01 (n=6-8/group). 




Regarding Prdx1, its expression increased in mice fed with a LPD and this effect is at 
least in part dependent of the FGF21. In LoxP animals, LPD induced the expression of 
Prdx1 (p=0.00096) (Figure 3) and this upregulation is partially blunted in LKO mice fed 
LPD where the Prdx1 induction, even not statistically different (p=0.054), is lower than in 
LoxP/LPD mice. Even so, in the absence of FGF21, LPD exert an affect over the expression 
of Prdx1 as LKO/LPD mice showed a significant increase on the expression of Prdx1. 
 
 
Figure 3. Relative mRNA levels of Prdx1 in liver. LoxP/CNT (black bar), LoxP/LPD (light 
grey bar), LKO/CNT (dark grey bar) and LKO/LPD (blue bar). Error bars represent the 
mean ±SEM, *p<0.05, ***p<0.001 (n=6-8/group). 
 
2.2. LEU(-) diet reduced the expression of Prdx1 in mice livers 
To assess the impact of LEU(-) diet and the role of FGF21 on telomere homeostasis, 
mRNA levels of Terc and Prdx1 were measured in wild-type (WT) mice and in total Fgf21 
knockout (Fgf21KO) mice fed with control diet or leucine-deprived diet. Figure 4 shows 
that not statistically differences on mRNA levels of Terc were observed of diet or geno- 
type. A slightly tendency to increase Terc expression is observed in LEU(-) fed animals 
(Figure 4). It is remarkable that standard deviation in these groups and for the expres- 
sion of this gene was too high, reason why these results may be difficult to interpret. 
 
 
Figure 4. Relative mRNA levels of Terc in liver. WT/CNT (black bar), WT/LEU(-) (light 
grey bar), KO/CNT (dark grey bar) and KO/LEU(-) (blue bar). Error bars represent the 
mean ±SEM (n=6-8/group). 




Regarding Prdx1 expression, WT mice fed with LEU(-) diet shown a decrease on its 
mRNA levels (p=0.037). In Fgf21KO mice, the dietary intervention does not cause a sig- 
nificant reduction of the Prdx1 RNA levels (Figure 5). 
 
 
Figure 5. Relative mRNA levels of Prdx1 in liver. WT/CNT (black bar), WT/LEU(-) (light 
grey bar), KO/CNT (dark grey bar) and KO/LEU(-) (blue bar). Error bars represent the 




LPD increases the expression of Prdx1 (Figure 3). This effect can be explained through 
the capacity of LPD to increase oxidative stress in liver cells. PRDX1 is an antioxidant 
enzyme which is overexpressed in response to an increase of oxidative stress levels. It is 
known that LPD causes oxidative stress. Several studies have shown in rats that LPD de- 
creases the levels of vitamin E [63] and glutathione [64], thus causing the raise of oxidative 
stress that has to be compensated by the upregulation of the Prdx1 expression. In the same 
way, the hepatic downregulation of Terc mRNA levels may be also explained because the 
telomerase function decreases when oxidative stress of the cell is high. In the case of LKO 
mice fed a control show a reduction in the mRNA levels of Terc (Figure 2). This effect may 
be associated to an oxidative stress caused by the absence of FGF21 in the liver. It has been 
described that FGF21 protects against oxidative stress and inflammation in hepatocytes 
[65] and also has been observed their capacity to increase SOD activity, thus decreasing 
the oxidative stress of the cell [66]. The remaining question is the non-effect of LPD in 
LKO/LPD mice. The effects of LPD over Terc expression are blunted in KO mice. 
 
FGF21, that is overexpressed in LPD, increase fatty acid oxidation in liver. At the 
same time, fatty acid oxidation is associated with reactive oxygen species (ROS) [67]. 
Thus, FGF1 could increase oxidative stress and synergizes with LPD to decrease Terc lev- 
els (Figure 2) and increase Prdx1 levels (Figure 3). Therfore,, the reduction of Terc mRNA 
levels in LKO mice, suggests that the absence of FGF21 can cause an increment of oxida- 
tive stress as well, supported by the bibliography above-mentioned [65,66]. 
 
LEU(-) also induces FGF21 expression in liver, therefore effects on Terc and Prdx1 
expression might be similar to LDP ones. In the case of Terc no effects of dietary inter- 
vention or genotype were observed. By contrast the effects of LEU(-) are opposite to the 
ones observe under LPD. Leucine deprivation causes a reduction in the expression of 
Prdx1 through an unknown mechanism. It is obvious that metabolic stress by the dietary 
deficiency of an essential amino acid such leucine would not be the same that the reduc- 




tion of the dietary protein content such as LPD. These differences may explain the 
differential impact of both nutritional interventions on Prdx1. 
 
The lack of statistical difference in LEU(-) groups and their contradictory results 
comparing to LPD do not allow to propose new theories regarding LEU(-),LPD, FGF21 
and telomere homeostasis. Further investigations, considering these results, are needed. 
 
An important limitation of this work is that mRNA levels have been associated with 
function, without considering post-translational modifications that regulate functionality 
of proteins. For that reason, the quantification of the mRNA levels is only an approach to 
the final function. Additionally, TA is not only regulated by TERC and PRDX1, but there 
are also more genes involved in their activity such as TERT or shelterin genes presented 
before. 
 
On the other hand, the animals used in this work are young (6-8 weeks-old). This is a 
big issue to detect changes on telomeres. These changes are more visible in aged subjects. 
Besides, the dietary intervention was too short. Changes in telomere homeostasis regula- 
tion caused by diet are detected after considerable time. 
 
For further investigations it would interesting to analyze the expression of other 
genes involved in telomere homeostasis, quantify TA and also measure TL. Apart from 
that, long terms interventions and aged animals must be necessary. 
 
3.1. Concluding remarks 
 
The present work is the first study related with amino acid deficient diets, FGF21 and 
telomere homeostasis. The age of the animals and the duration of the nutritional inter- 
vention limit the reliable and robust results. 
 
In spite of the results, this work is the first step on the road to investigate the molecu- 
lar mechanisms through amino acid deprivation diets work. It has been shown on this 
paper that these diets can modify the expression of related telomere homeostasis genes. 
 
Future investigations with better experimental designs and more specific analysis 
techniques are needed to discover if the positive metabolic effects of amino acid depriva- 




4. Materials and Methods 
 
4.1. Animals and diet intervention 
 
4.1.1. LPD diet intervention 
 
129S6/SvEvTac male mice were divided in two different genetic maps: LFgf21KO and 
another group with Fgf21 flanked by two LoxP sites in liver. Animals were housed in a 
temperature-controlled room (22 ± 11ºC) on a 12h/12h light/dark cycle and were provided 
free access to commercial rodent chow and tap water prior to the experiments. For the 
feeding experiment, 8-week-old male mice were first fed with CD for 7 days and then 
LFgf21KO and LoxP animals randomly assigned to CD or LPD group with free access to 
food and water for 7 days, resulting four experimental groups: LoxP mice under CD 
(LoxP/CNT), LoxP mice under LPD (LoxP/LPD), LFgf21KO mice under CD (LKO/CNT) 
and LFgf21KO mice under LPD (LKO/LPD). 




The CD (Ref. D10001) and LPD (Ref. D12010401) were obtained from Research Diets, 
Inc. (USA). Both diets were isocaloric and had the following composition in mass per- 
centage: 20% protein, 66% carbohydrates and 5% fat for the CD, and 5% protein, 81% 
carbohydrates and 5% fat for the LPD. After the nutritional intervention, animals were 
anesthetized by isoflurane inhalation. After euthanizing the animals, tissues were isolated 
immediately snap-frozen and stored at -80ºC. 
 
For further information about genetic maps generation see the following paper 
published by our group [56]. 
 
4.1.2. LEU(-) diet intervention 
 
B6N;129S5-Fgf21tm1Lex/Mmucd male mice were divided in two genetic maps: WT 
and Fgf21KO, obtained from the Mutant Mouse Regional Resource Center, were used in 
collaboration with Dr. Francesc Villarroya’s laboratory group. Before the experiments, 
animals were housed in a temperature-controlled room (22 ± 11ºC) on a 12h/12h 
light/dark cycle and were   provided free access to commercial rodent chow and tap 
water. Before diet intervention, 12-15 week old mice were first fed with CD for 7 days and 
then Fgf21KO and WT animals randomly assigned to CD or LEU(-) group with free access 
to food and water for 7 days, resulting four experimental groups: WT mice under CD 
(WT/CNT), WT mice under LEU(-) (WT/ LEU(-)), Fgf21KO mice under CD (KO/CNT) and 
Fgf21KO mice under LEU(-) (KO/ LEU(-)). 
 
CD (Ref. A10021B) and LEU(-) (Ref. A05080202) were obtained from Research Diets, 
Inc. (New Brunswick, NJ), and both were isocaloric and compositionally the same in 
terms of carbohydrate and lipid components, and regarding amino acid content, LEU(-) 
were deficient in leucine. After the intervention, animals were anesthetized by isoflurane 
inhalation. After euthanizing the animals, tissues were isolated immediately snap-frozen 
and stored at -80ºC. 
 
4.2. RNA extraction and RT-qPCR quantification 
 
Total RNA was extracted from liver frozen tissues using a solution of phenol and 
guanidinium tiocianate (TRI Reagent® Solution; Ref.AM9738 Ambion Thermo Fisher 
Scientific, USA). Absorbance at 260 nanometers (A260) was determined to quantify total 
RNA after the extraction, also the ratio A260/A280 to verify the quality of the extraction. 
This step was followed by DNase I treatment (Thermo Scientific RapidOut DNA 
Removal Kit; Ref. K2981) in order to eliminate genomic DNA contamination. RT-qPCR 
was performed to mesure the relative mRNA levels: cDNA was synthesized from 1 
microgram of total RNA by reverse transcriptase (Ref. 4368814) with random examers 
and using a thermocycler (iCycler BIO-RAD), and PCR amplification was conducted 
using SYBR Green (Ref. 4479242) and CFX96 thermocycler of BIO-RAD. Each mRNA 
sample was mesurated in duplicate with B2M and M36B4 as housekeeping genes. There 











Mean of the individual mRNA quantification of each experimental group with corre- 
sponding standard error (SEM) was used to statistical treatment. Two tailed Student’s t-
test was applied and p values lower than 0.05 was considered statistical significant. 
 
Institutional Review Board Statement: The Animal Ethics Committee of the University of Barcelona 
approved these experiments (CEEA register: 48/15). 
Acknowledgments: Thanks School of Pharmacy and Food Science of University of Barcelona for 
gives the opportunity to make this investigation. Also thanks teachers of Campus Torribera for 
qualified the author for execute this study. Special acknowledgments for Molecular Biology team, 
concretely for laboratory number 26 coworkers and for mentor of this work. 
Conflicts of Interest: The author has declared no conflict of interest. 
 
 Abbreviations  
AHEI Alternative Healthy Eating Index 
CD Control Diet 
DGA Dietary Guidelines for Americans 
DGI 
ESCs 
Dietary Guideline Index 
Embryonic Stem Cells 





LFgf21KO Liver FGF21 Knockout 
LoxP Locus of X-over P1 
LPD Low-Protein Diet 
MedDie 
MD 





Prime Diet Quality Score 
POT1 Protection Of Telomeres 1 
PRDX1 Peroxiredoxin-1 
RAP1 Repressor Activator Protein 1 
SEM Standard Error of the Mean 
SSB Sugar-Sweetened Beverages 
TA Telomerase Activity 
TERC Telomerase RNA Component 
TERT Telomerase Reverse Transcriptase 
TIN2 TRF1-Interacting Nuclear Factor 2 
TL Telomere Length 
TRF1 
TRF2 
Telomere Repeat-Binding Factor 1 
Telomere Repeat-Binding Factor 2 
TPP1 Adrenocortical Dysplasia Protein Homologue 




1. Blackburn EH. Structure and function of telomeres. Nature. abril 1991;350(6319):569-73. 
2. Oliva-Rico D, Herrera LA. Regulated expression of the lncRNA TERRA and its impact on telomere biology. Mech Ageing 
Dev. 2017;167(May):16-23. 
3. Olovnikov AM. A theory of marginotomy. The incomplete copying of template margin in enzymic synthesis of 
polynucleotides and biological significance of the phenomenon. J Theor Biol. 1973;41(1):181-90. 
4. Jiang H, Ju Z, Rudolph KL. Telomere shortening and ageing. Z Gerontol Geriatr. octubre 2007;40(5):314-24. 




5. Roake CM, Artandi SE. Regulation of human telomerase in homeostasis and disease. Nat Rev Mol Cell Biol. 2020;21(7):384-
97. 
6. Qu S, Wen W, Shu X-O, Chow W-H, Xiang Y-B, Wu J, et al. Association of Leukocyte Telomere Length With Breast Cancer 
Risk: Nested Case-Control Findings From the Shanghai Women’s Health Study. Am J Epidemiol. 1 abril 2013;177(7):617-24. 
7. Cui Y, Cai Q, Qu S, Chow W-H, Wen W, Xiang Y-B, et al. Association of Leukocyte Telomere Length with Colorectal 
Cancer Risk: Nested Case-Control Findings from the Shanghai Women’s Health Study. Cancer Epidemiol Biomarkers Prev. 
1 octubre 2012;21(10):1807-13. 
8. Brouilette S, Singh RK, Thompson JR, Goodall AH, Samani NJ. White Cell Telomere Length and Risk of Premature 
Myocardial Infarction. Arterioscler Thromb Vasc Biol. maig 2003;23(5):842-6. 
9. Kurz DJ, Kloeckener-Gruissem B, Akhmedov A, Eberli FR, Bu  hler I, Berger W, et al. Degenerative Aortic Valve Stenosis, 
but not Coronary Disease, Is Associated With Shorter Telomere Length in the Elderly. Arterioscler Thromb Vasc Biol. juny 
2006;26(6). 
10. STARR J, MCGURN B, HARRIS S, WHALLEY L, DEARY I, SHIELS P. Association between telomere length and heart 
disease in a narrow age cohort of older people. Exp Gerontol. juny 2007;42(6):571-3. 
11. Muñoz-Lorente MA, Cano-Martin AC, Blasco MA. Mice with hyper-long telomeres show less metabolic aging and longer 
lifespans. Nat Commun. 2019;10(1):1-14. 
12. Greider CW, Blackburn EH. Identification of a specific telomere terminal transferase activity in tetrahymena extracts. Cell. 
1985;43(2 PART 1):405-13. 
13. Gómez DLM, Armando RG, Farina HG, Gómez DE. ARTÍCULO ESPECIAL TELOMERASA Y TELÓMERO : SU 
ESTRUCTURA Y DINÁMICA EN SALUD Y ENFERMEDAD Arquitectura funcional de los telómeros. Med (Buenos Aires). 
2014;69-76. 
14. Lechel A, Holstege H, Begus Y, Schienke A, Kamino K, Lehmann U, et al. Telomerase Deletion Limits Progression of p53-
Mutant Hepatocellular Carcinoma With Short Telomeres in Chronic Liver Disease. Gastroenterology. 2007;132(4):1465-75. 
15. Galiè S, Canudas S, Muralidharan J, García-Gavilán J, Bulló M, Salas-Salvadó J. Impact of Nutrition on Telomere Health: 
Systematic Review of Observational Cohort Studies and Randomized Clinical Trials. Adv Nutr. 2020;11(3):576-601. 
16. Crous-bou M, Fung TT, Prescott J, Julin B, Du M, Sun Q, et al. Mediterranean diet and telomere length in Nurses ’ Health 
Study : population based cohort study. 2014;6674(December):1-11. 
17. Boccardi V, Esposito A, Rizzo MR, Marfella R, Barbieri M, Paolisso G. Mediterranean Diet, Telomere Maintenance and 
Health Status among Elderly. PLoS One. 2013;8(4):4-9. 
18. García-Calzón S, Martínez-González MA, Razquin C, Arós F, Lapetra J, Martínez JA, et al. Mediterranean diet and telomere 
length in high cardiovascular risk subjects from the PREDIMED-NAVARRA study. Clin Nutr. desembre 2016;35(6):1399-
405. 
19. Meinilä J, Perälä M-M, Kautiainen H, Männistö S, Kanerva N, Shivappa N, et al. Healthy diets and telomere length and 
attrition during a 10-year follow-up. Eur J Clin Nutr. 14 octubre 2019;73(10):1352-60. 
20. Ojeda-Rodríguez A, Zazpe I, Alonso-Pedrero L, Zalba G, Guillen-Grima F, Martinez-Gonzalez MA, et al. Association 
between diet quality indexes and the risk of short telomeres in an elderly population of the SUN project. Clin Nutr. agost 
2020;39(8):2487-94. 
21. Milte CM, Russell AP, Ball K, Crawford D, Salmon J, McNaughton SA. Diet quality and telomere length in older Australian 
men and women. Eur J Nutr. 2018;57(1):363-72. 
22. Sun Q, Shi L, Prescott J, Chiuve SE, Hu FB, de Vivo I, et al. Healthy lifestyle and leukocyte telomere length in U.S. women. 
PLoS One. 2012;7(5). 




23. Leung CW, Fung TT, McEvoy CT, Lin J, Epel ES. Diet Quality Indices and Leukocyte Telomere Length among Healthy US 
Adults: Data from the National Health and Nutrition Examination Survey, 1999-2002. Am J Epidemiol. 2018;187(10):2192-
201. 
24. Ojeda‐Rodríguez A, Morell‐Azanza L, Zalba G, Zazpe I, Azcona‐Sanjulian MC, Marti A. Associations of telomere length 
with two dietary quality indices after a lifestyle intervention in children with abdominal obesity: a randomized controlled 
trial. Pediatr Obes. 2020;(April):1-10. 
25. Hou L, Savage SA, Blaser MJ, Perez-Perez G, Hoxha M, Dioni L, et al. Telomere Length in Peripheral Leukocyte DNA and 
Gastric Cancer Risk. Cancer Epidemiol Biomarkers Prev. 1 novembre 2009;18(11):3103-9. 
26. Kahl VFS, Simon D, Salvador M, Branco C dos S, Dias JF, da Silva FR, et al. Telomere measurement in individuals 
occupationally exposed to pesticide mixtures in tobacco fields. Environ Mol Mutagen. gener 2016;57(1):74-84. 
27. Marcon F, Siniscalchi E, Crebelli R, Saieva C, Sera F, Fortini P, et al. Diet-related telomere shortening and chromosome 
stability. Mutagenesis. 2012;27(1):49-57. 
28. Corina A, Rangel-Zúñiga OA, Jiménez-Lucena R, Alcalá-Díaz JF, Quintana-Navarro G, Yubero-Serrano EM, et al. Low 
intake of Vitamin E accelerates cellular aging in patients with established cardiovascular disease: The CordioPrev study. 
Journals Gerontol - Ser A Biol Sci Med Sci. 2019;74(6):770-7. 
29. Cassidy A, De Vivo I, Liu Y, Han J, Prescott J, Hunter DJ, et al. Associations between diet, lifestyle factors, and telomere 
length in women. Am J Clin Nutr. 2010;91(5):1273-80. 
30. Cardin R, Piciocchi M, Martines D, Scribano L, Petracco M, Farinati F. Effects of coffee consumption in chronic hepatitis C: 
A randomized controlled trial. Dig Liver Dis. juny 2013;45(6):499-504. 
31. Liu JJ, Crous-bou M, Giovannucci E, Vivo I De. Coffee Consumption Is Positively Associated with Longer Leukocyte 
Telomere Length in the Nurses Õ Health Study 1 , 2. 2016; 
32. Tucker LA. CONSUMPTION OF NUTS AND SEEDS AND TELOMERE LENGTH IN 5 , 582 MEN AND WOMEN OF THE 
NATIONAL HEALTH AND NUTRITION EXAMINATION SURVEY ( NHANES ). 2017;21(3):233-41. 
33. O’Callaghan NJ, Bull C, Fenech M. Elevated plasma magnesium and calcium may be associated with shorter telomeres in 
older South Australian women. J Nutr Health Aging. 21 febrer 2014;18(2):131-6. 
34. Pawełczyk T, Grancow-Grabka M, Trafalska E, Szemraj J, Żurner N, Pawełczyk A. Telomerase level increase is related to n-
3 polyunsaturated fatty acid efficacy in first episode schizophrenia: Secondary outcome analysis of the OFFER randomized 
clinical trial. Prog Neuro-Psychopharmacology Biol Psychiatry. abril 2018;83:142-8. 
35. Tucker LA. Dietary fiber and telomere length in 5674 U.S. adults: An NHANES study of biological aging. Nutrients. 
2018;10(4):1-16. 
36. Zhu H, Guo D, Li K, Pedersen-White J, Stallmann-Jorgensen IS, Huang Y, et al. Increased telomerase activity and vitamin D 
supplementation in overweight African Americans. Int J Obes. 2012;36(6):805-9. 
37. Richards JB, Valdes AM, Gardner JP, Paximadas D, Kimura M, Nessa A, et al. Higher serum vitamin D concentrations are 
associated with longer leukocyte telomere length in women. Am J Clin Nutr. 2007;86(5):1420-5. 
38. Yabuta S, Masaki M, Shidoji Y. Associations of buccal cell telomere length with daily intake of β-carotene or α-tocopherol 
are dependent on carotenoid metabolism-related gene polymorphisms in healthy Japanese adults. J Nutr Heal Aging. 
2016;20(3):267-74. 
39. García-Calzón S, Zalba G, Ruiz-Canela M, Shivappa N, Hébert JR, Martínez JA, et al. Dietary inflammatory index and 
telomere length in subjects with a high cardiovascular disease risk from the PREDIMED-NAVARRA study: Cross-sectional 
and longitudinal analyses over 5 y. Am J Clin Nutr. 2015;102(4):897-904. 
40. De Meyer T, Bekaert S, De Buyzere ML, De Bacquer DD, Langlois MR, Shivappa N, et al. Leukocyte telomere length and 
diet in the apparently healthy, middle-aged Asklepios population OPEN. 




41. Nettleton JA, Diez-Roux A, Jenny NS, Fitzpatrick AL, Jacobs DR. Dietary patterns, food groups, and telomere length in the 
Multi-Ethnic Study of Atherosclerosis (MESA). Am J Clin Nutr. 2008;88(5):1405-12. 
42. Fretts AM, Howard BV, Siscovick DS, Best LG, Beresford SAA, Mete M, et al. Processed meat, but not unprocessed red 
meat, is inversely associated with leukocyte telomere length in the Strong Heart Family Study. J Nutr. 2016;146(10):2013-8. 
43. Karimi B, Yunesian M, Nabizadeh R, Mehdipour P. Serum Level of Total Lipids and Telomere Length in the Male 
Population: A Cross-Sectional Study. Am J Mens Health. 2019;13(2). 
44. Alonso-Pedrero L, Ojeda-Rodríguez A, Martínez-González MA, Zalba G, Bes-Rastrollo M, Marti A. Ultra-processed food 
consumption and the risk of short telomeres in an elderly population of the Seguimiento Universidad de Navarra (SUN) 
Project. Am J Clin Nutr. 1 juny 2020;111(6):1259-66. 
45. Leung CW, Laraia BA, Needham BL, Rehkopf DH, Adler NE, Lin J, et al. Soda and Cell Aging: Associations Between 
Sugar-Sweetened Beverage Consumption and Leukocyte Telomere Length in Healthy Adults From the National Health 
and Nutrition Examination Surveys. 
46. Bekaert S, De Meyer T, Rietzschel ER, De Buyzere ML, De Bacquer D, Langlois M, et al. Telomere length and 
cardiovascular risk factors in a middle-aged population free of overt cardiovascular disease. Aging Cell. octubre 
2007;6(5):639-47. 
47. Pavanello S, Hoxha M, Dioni L, Bertazzi PA, Snenghi R, Nalesso A, et al. Shortened telomeres in individuals with abuse in 
alcohol consumption. Int J Cancer. 15 agost 2011;129(4):983-92. 
48. Tiainen A, Ma S. Leukocyte telomere length and its relation to food and nutrient intake in an elderly population. 
2012;(October):1290-4. 
49. Song Y, You NCY, Song Y, Kang MK, Hou L, Wallace R, et al. Intake of small-to-medium-chain saturated fatty acids is 
associated with peripheral leukocyte telomere length in postmenopausal women1-3. J Nutr. 2013;143(6):907-14. 
50. Mazidi M, Banach M, Andre •, Kengne P. Association between plasma trans fatty acids concentrations and leucocyte 
telomere length in US adults. Eur J Clin Nutr. 2018;72:581-6. 
51. De Sousa Coelho AL. Metabolic signaling under nutrient deprivation. TDX (Tesis Dr en Xarxa). 25 juny 2012; 
52. De Sousa-Coelho AL, Marrero PF, Haro D. Activating transcription factor 4-dependent induction of FGF21 during amino 
acid deprivation. Biochem J. 2012;443(1):165-71. 
53. De Sousa-Coelho AL, Relat J, Hondares E, Pérez-Martí A, Ribas F, Villarroya F, et al. FGF21 mediates the lipid metabolism 
response to amino acid starvation. J Lipid Res. 2013;54(7):1786-97. 
54. Pérez-Martí A, Garcia-Guasch M, Tresserra-Rimbau A, Carrilho-Do-Rosário A, Estruch R, Salas-Salvadó J, et al. A low-
protein diet induces body weight loss and browning of subcutaneous white adipose tissue through enhanced expression of 
hepatic fibroblast growth factor 21 (FGF21). Mol Nutr Food Res. 2017;61(8):1-10. 
55. Wang Q, Yuan J, Yu Z, Lin L, Jiang Y, Cao Z, et al. FGF21 Attenuates High-Fat Diet-Induced Cognitive Impairment via 
Metabolic Regulation and Anti-inflammation of Obese Mice. Mol Neurobiol. 1 juny 2018;55(6):4702-17. 
56. Chavez AO, Molina-Carrion M, Abdul-Ghani MA, Folli F, Defronzo RA, Tripathy D. Circulating Fibroblast Growth Factor-
21 Is Elevated in Impaired Glucose Tolerance and Type 2 Diabetes and Correlates With Muscle and Hepatic Insulin 
Resistance. 2009; 
57. Gao M, Ma Y, Cui R, Liu D. Hydrodynamic delivery of FGF21 gene alleviates obesity and fatty liver in mice fed a high-fat 
diet. J Control Release. 2014;185(1):1-11. 
58. Xu J, Lloyd DJ, Hale C, Stanislaus S, Chen M, Sivits G, et al. Fibroblast Growth Factor 21 Reverses Hepatic Steatosis, 
Increases Energy Expenditure, and Improves Insulin Sensitivity in Diet-Induced Obese Miceorg/licenses/by-nc-nd/3.0/ for 
details. 250 DIABETES. 2008;58. 
59. Vera E, Bernardes de Jesus B, Foronda M, Flores JM, Blasco MA. Telomerase Reverse Transcriptase Synergizes with Calorie 




Restriction to Increase Health Span and Extend Mouse Longevity. PLoS One. 2013;8(1). 
60. Tang H, Wang H, Cheng X, Fan X, Yang F, Zhang M, et al. HuR regulates telomerase activity through TERC methylation. 
Nat Commun. 2018;9(1). 
61. Ferrer A, Mangaonkar AA, Stroik S, Zimmermann MT, Sigafoos AN, Kamath PS, et al. Functional validation of TERT and 
TERC variants of uncertain significance in patients with short telomere syndromes. Blood Cancer J. 2020;10(11). 
62. Aeby E, Ahmed W, Redon S, Simanis V, Lingner J. Peroxiredoxin 1 Protects Telomeres from Oxidative Damage and 
Preserves Telomeric DNA for Extension by Telomerase. Cell Rep. 2016;17(12):3107-14. 
63. K Mouri, Y Hayafune OI. Effect of dietary protein on vitamin E levels in erythrocytes and tissues of rats. J Nutr Sci 
Vitaminol. 1986;32(2):147-55. 
64. Hum, S., Koski, K.G., Hoffer LJ. Varied Protein Intake Alters Glutathione Metabolism in Rats. J Nutr. 1992;122(10):2010-8. 
65. Nan Y, Xiang L, Zhang W, Guo Y CJ. [FGF21 inhibits lipid accumulation and inflammation induced by palmitate in human 
hepatocytes via SIRT1 pathway]. Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi. 2009;35(7):606-12. 
66. Han MM, Wang WF, Liu MY, Li DS, Zhou B, Yu YH RG. [FGF-21 protects H9c2 cardiomyoblasts against hydrogen 
peroxide-induced oxidative stress injury]. Yao Xue Xue Bao. 2014;49(4):470-5. 
67. Quijano C, Trujillo M, Castro L, Trostchansky A. Redox Biology Interplay between oxidant species and energy metabolism. 
Redox Biol. 2016;8:28-42. 
